Abstract. Mesenchymal stem cells (MSCs) transfected by integrin-linked kinase (ILK) transplantation may improve the function and compliance of the post-infarct cardiac ventricle. We investigated the effect of ILK-modified MSC contiditioned medium (ILK-MSC-CM) on the proliferation of cardiac fibroblasts (CFBs) and collagen synthesis in vitro and in vivo. Myocardial infarction (MI)-induced animals received mesenchymal stem cell conditioned medium (MSC-CM), ILK-MSC-CM, or complete medium alone, subepicardially. A group of animals with MI and no other former intervention served as controls. ILK-MSC-CM inhibited CFB proliferation, reduced the gene expression of type I (Col1a1) and type III collagen (Col3a1), tissue inhibitors of metalloproteinase-1 (TIMP-1) and -2 (TIMP-2), α smooth muscle actin (α-SMA), and connective tissue growth factor (CTGF). It also increased the gene expression of matrix metalloproteinase-2 (MMP-2) and -9 (MMP-9), as measured by qRT-PCR. Four weeks after the left anterior descending (LAD) coronary artery ligation, echocardiographic analysis demonstrated preserved cardiac geometry and contractility in the ILK-MSC-CM treated animals. Decreased infarct size and reduced fibrosis were observed in the ILK-MSC-CM group. Overexpression of ILK regulates paracrine actions of MSCs, and ILK-MSC-CM attenuates CFB proliferation and collagen synthesis through paracrine actions in vitro and in vivo.
Introduction
Myocardial infarction (MI) leads to cardiomyocyte loss and scar formation. Damaged myocytes in infarcted tissues undergo progressive replacement by cardiac fibroblasts (CFBs) to form scar tissue that causes a remodeling of the left ventricle (LV). Consequently, cell-based therapeutic strategies for myocardial repair have recently attracted considerable interest, emerging as a promising cellular therapy for ischemic heart disease (IHD). Recently, a growing body of evidence has shown that mesenchymal stem cell (MSC) transplantation decreases fibrosis in the post-infarcted heart (1).
As a major cellular component of the heart, CFBs are directly involved in collagen synthesis of the infarct zone. One novel strategy to reduce scar formation after MI is pivotal to inhibit CFB proliferation and collagen synthesis. It has been shown that mesenchymal stem cell conditioned medium (MSC-CM) significantly attenuates CFB proliferation and collagen synthesis (2) .
Bone marrow-derived MSCs are multipotent progenitor cells. They are easy to obtain and expand readily. They are also self-renewing and capable of repairing infarcted myocardium. Integrin-linked kinase (ILK) is a critical component of the cardiac mechanical stretch sensor. It not only plays an important role in maintaining myocardial contractility and function, it is also important in anti-apoptosis and angiogenesis. Recent studies have shown that in rat models, ILK-MSC delivery decreased the fibrotic heart area after MI (3) . However, the potential mechanism of ILK-MSCs after MI is not yet fully elucidated.
Therefore, we hypothesized that ILK-MSCs attenuate CFB proliferation and collagen synthesis through paracrine effects. To test this hypothesis, we investigated the effects of ILK-MSC-CM on CFB proliferation and gene expression of cytokines. We implanted ILK-MSC-CM into infarcted hearts and analyzed the cardiac morphological and functional changes in the implanted and injured hearts.
Materials and methods
Ethics. This study was approved by the Ethics Committee of Nanjing Drum Tower Hospital, Nanjing, China (DTH ERBA 66.01/026D/2010). Preparation of CFBs. CFBs were prepared and cultured as previously described with minimum modification (5, 6) .
Mesenchymal stem cells overexpressing integrin

Treatment of CFBs with conditioned medium.
Conditioned medium was collected from a 72-h culture of fourth-passage MSCs and ILK-modified MSCs (ILK-MSCs) and normalized by cultured cell numbers. After removing the cell debris, the supernatant was transferred into dedicated ultrafiltration tubes (Amicon Ultra-PL 5; Millipore, Billerica, MA, USA), concentrated and desalted according to the manufacturer's protocol. CFBs were incubated in MSC-CM or ILK-MSC-CM for 72 h. The control group was incubated in DMEM-high glucose (DMEM-HG) containing 5% FBS for the same period of time.
RT-PCR. Total RNA was extracted from cultured cells using RNAprep pure cell kit (Tiangen, Beijing, China). RNA quality was assessed by the ratio of absorbance at 260 and 280 nm. One microgram of total RNA was used for first strand cDNA synthesis by Reverse Transcriptase from Invitrogen. Quantitative real-time PCR was carried out using the ABI Prism 7000 sequence detection system (Applied Biosystems) with SYBR green (Applied Biosystems). All samples were plated in 48-well plates with each well containing 1 µl cDNA for a total reaction volume of 10 µl. Reactions were carried out at 95˚C for 10 min, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 34 sec. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA amplified from the same samples served as an internal control. Primers were designed by using Primer 3 software. Primer sequences were: ILK, forward: 5'-GATTGTGCCTATCCTTGAGAAGAT-3' and reverse: Western blotting. To identify ILK protein expression, western blotting was performed with rabbit antibodies against ILK. MSCs infected with Ad-ILK-hrGFP were cultured with complete medium for 72 h. After a brief wash with PBS, cells were lysed in 0.1% Triton-X 100, 10 mM TRIS pH 8, 1 mM EDTA, and supplemented with a protease and phosphatase inhibitor cocktail. Proteins were separated by 10% TRIS-HCL gel electrophoresis (Bio-Rad), resolved onto 0.2 µm nitrocellulose membranes, and blocked in nonfat milk in TRIS-buffered saline supplemented with 0.1% Tween-20. Immunoreactivity against ILK or GAPDH was visualized with appropriate horseradish-peroxidase-conjugated antibodies and ECL plus Western Blotting Detection Reagents. Densitometric analysis was performed with Abode Photoshop. The ILK signals were normalized to signals of GAPDH. Experiments were performed in triplicate and repeated three times.
5-ethynyl-2'-deoxyuridine (EdU) staining.
EdU staining was performed using Click-iT ® EdU Imaging kit (cat no. Cc103338; Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.
Acute myocardial infarction. Ligation of the LAD artery was performed as previously described (7) . Briefly, animals were anesthetized by intraperitoneal injection with a combination of xylazine (10 mg/kg) and ketamine (80 mg/kg), endotracheally intubated, and mechanically ventilated. After a left thoracotomy through the fifth intercostal space, the heart was exposed, the pericardial sac was cut, and the heart exteriorized through the space. The LAD was ligated with a 6-0 silk suture approximately midway between the left atrium and the apex of the heart. Successful MI was identified by blanching of the left ventricular muscle and the presence of ST elevation on electrocardiograms.
Prior to surgery, animals were randomized into four groups. Accordingly, a total volume of 600 µl of MSC-CM, ILK-MSC-CM or complete medium was injected in five different sites at the infarct border zone (BZ) 30 min after LAD ligation. Control animals were operated at the same way, with the exception that no injection was performed. The chest was closed, and animals were weaned from the ventilator and allowed to recover.
Echocardiography. Echocardiographic investigation was performed three days and 4 weeks after MI.
Histological analysis. Animals were sacrificed, and cardiovascular tissues were collected at the end of the experiment. Paraffin-embedded sections (from basal, mid-region and apical blocks: 3 slices/block) were stained with hematoxylin and eosin (H&E) for morphological examination or Masson's trichrome staining was performed for the assessment of interstitial fibrosis.
Statistical analysis. Statistical analysis was performed with SPSS for Windows (version 16.0). All the data were expressed as the means ± standard error (SE). Siginificant differences among experimental conditions were determined by two-tailed Student's t-tests for two-group comparisons or ANOVA followed by Newman-Keuls test for multiple-group comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Transduction of MSCs with adenoviral vector expressing ILK.
FACS analysis demonstrated that MSCs in culture expressed low levels of CD14, CD34 and CD45, while high levels of CD29, CD105 and CD166, in agreement with previously published data regarding MSC cell surface markers (Fig. 1A) .
The viral transduction efficacy was 85-95% in MSCs infected with Ad-ILK-hrGFP at 200 MOI and cultured for 72 h. The expression of hrGFP in ILK-MSCs was confirmed by photomicrograph, qRT-PCR and western blotting (Fig. 1B-D) .
Decrease of the quantity of EdU-positive CFBs. Our results showed that the percentage of CFBs positively stained for EdU was significantly decreased in both MSC-CM and ILK-MSC-CM groups. The relative number of EdU-positive cells was 41±2, 29±4 and 22±3% for the control, MSC-CM and ILK-MSC-CM groups, respectively. The relative number of EdU-positive cells showed a ~30 and 46% decrease in the MSC-CM and ILK-MSC-CM group compared to the control group. In addition, the ILK-MSC-CM group showed a ~25% decrease in the percentage of EdU-positive cells compared to the MSC-CM group ( Fig. 2A and B) .
Effect of conditioned medium on cytokine gene expression.
The results demonstrated that gene expression of Col1a1, Col3a1, TIMP-1, TIMP-2, α-SMA and CTGF was significantly downregulated when CFBs were cultured in conditioned medium compared to standard medium. However, MMP-2 and MMP-9 gene expression in CFBs incubated with conditioned medium was significantly upregulated. The TIMP-1, TIMP-2, α-SMA and CTGF gene expression levels of CFBs were significantly lower in the ILK-MSC-CM-treated compared to the MSC-CM-treated cells. ILK-MSC-CM reduced Col3a1 to a level lower compared to MSC-CM. ILK-MSC-CM significantly upregulated MMP-2 expression, while it downregulated MMP-9 expression compared to MSC-CM (Fig. 2C-F and H-J) . (Fig. 3A-C) . In parallel with this, LV end-systolic dimension (LVESD) and LV end-diastolic dimension (LVEDD) were lower in the ILK-MSC-CM group ( Fig. 3D and E) . No significant difference in LV posterior wall thickness (LVPW) was detected.
Histological analysis. The effect of ILK-MSC-CM on myocardial injury 4 weeks after infarction was evaluated by H&E staining. The mean infarct size in the control animals was 35±3% of the LV. Injection of complete medium had a similar injury effect, limiting the size of the infarct to 36±4% of the LV. However, injection of MSC-CM had a modest protective effect, limiting the size of the infarct to 30±4% of the LV. By contrast, injection of ILK-MSC-CM significantly limited the infarct size to 22±3% of the LV. Compared to the other three groups, this translated into a relative reduction in the infarct size of the ILK-MSC-CM group (Fig. 4A-D) . 
Reduction of interstitial fibrosis in infarct boder zone.
Masson's trichrome staining for interstitial fibrosis in the infarct BZ in the four experimental groups is shown in Fig. 4E . Collagen volume fractions (CVF) were significantly lower in the ILK-MSC-CM group compared to the other three groups. Consequently, ILK-MSC-CM treatment significantly inhibits collagen synthesis and suppresses collagen deposition, resulting in a reduction in ventricular remodeling (Fig. 4F) .
Discussion
In this present study, we studied the paracrine effects of In the mammalian heart, normal cardiac function is regulated by concordant and dynamic interactions of two major cell types, cardiomyocytes and CFBs, which account for ~90% of all the cells in the myocardium. The extracellular matrix (ECM) regulates the structure of the heart and interactions between cellular and non-cellular components. In the normal heart, CFBs are mainly recognized as regulators of ECM metabolism, thereby maintaining myocardial structure. These cells control ECM homeostasis and produce MMPs and TIMPs to maintain a balance between the synthesis and degradation of ECM components. CFBs also play a pivotal role in the remodeling that occurs in the heart in response to pathological changes, such as MI, heart failure and hypertension.
CFBs have the ability to synthesize and secrete collagen type I and III and form a three-dimensional network around bundles or laminae of myocytes (8) . Inhibition of the collagen network formation results in abnormally shaped hearts or rupture of the ventricular wall. Under circumstances that accompany myocardial remodeling, normally quiescent CFBs undergo phenotypic modulation to myofibroblasts. In the remodeled heart, myofibroblasts become highly proliferative and invasive, actively remodeling the cardiac interstitium by increasing MMP secretion and collagen turnover (9) (10) (11) . CFBs, by themselves, secrete increased amounts of growth factors and cytokines, which are able to activate MMPs and regulate TIMPs, thereby contributing to remodeling. In long-term heart remodeling, cumulative changes lead to a net accumulation of collagen, cardiac fibrosis and loss of cardiac function. Therefore, previous studies have shown that myocardial scar tissue formation eventually leads to congestive heart failure and malignant arrhythmias (2) . In this respect, reduction of fibrosis improves the ventricular compliance to a certain extent and delays the process of heart failure.
Bone marrow-derived MSCs are self-renewing, multipotent, and can differentiate into several distinct cell types, including new cardiomyocytes. MSC transplantation has been shown to improve cardiac function and decrease fibrosis in the heart and other organs such as the lung, liver and kidney. Previous studies have demonstrated that paracrine effects may contribute to the improvement of cardiac function and scar loss following transplantation of MSCs (12) (13) (14) . For instance, MSC-CM has been shown to significantly attenuate the proliferation of CFBs compared to CFB-conditioned medium (2) . However, the underlying mechanisms of MSC therapy remain controversial.
ILK is a 59-kDa ankyrin-repeat containing serine/threonine protein kinase that interacts with the cytoplasmic domain of α1 and α3 integrins and regulates integrin-dependent functions (15) (16) (17) . ILK functions as a scaffold in forming multiprotein complexes connecting integrins to the actin cytoskeleton and signaling pathways. ILK activity is stimulated by adhesion to the ECM and by growth factors in a PI3K-dependent manner. ILK regulates multiple signaling pathways and has been implicated in the regulation of numerous cellular processes including proliferation, migration, cell spreading, invasion, differentiation, transformation and survival in various cell types. Recent evidence have shown that ILK-MSC transplantation further improves cardiac function and decreases fibrosis in the infarcted myocardium when compared with myocardium that has been transplanted with MSCs alone (18) . However, there is still a lack of related experiments on whether ILK-MSCs play an important role through paracrine mechanisms to improve ventricular remodeling.
Many of the functional effects of CFBs are mediated through differentiation of CFBs to myofibroblasts, cells that express contractile proteins, including α-SMA, a myofibroblast marker. Differentiating fibroblasts express α-SMA, indicating acquisition of a secretory, myofibroblast phenotype, a transition that correlates with increased secretion of profibrotic molecules such as collagen and fibronectin (19, 20) . The present study demonstrated that ILK-MSC-CM downregulates α-SMA expression and suppresses the differentiation of CFBs to myofibroblasts.
CTGF is a 38-kDa protein that contains 38 conserved cysteine residues and a heparine binding domain (21) . Recently, it has been reported that CTGF promotes proliferation and ECM production in connective tissue (22, 23) . This study demonstrated that ILK-MSC-CM inhibits CTGF expression, which is beneficial to ECM degradation.
MMP-2 and MMP-9 are two members of the MMP family, a group of zinc-dependent endopeptidases known to hydrolyze many components of the ECM (24) . MMP-2 and MMP-9 play a fundamental role in ECM remodeling due to their ability to initiate and continue degradation of fibrillar collagen.
Belonging to a group of four endogenous proteins, TIMPs firmly regulate MMP activity (25, 26) . TIMPs bind to the active site of MMPs at a stoichiometric 1:1 molar ratio with differential affinities, thereby blocking access to their extracellular substrates. Several studies have shown that TIMP-2 has a maximum affinity for MMP-2, whereas TIMP-1 forms a specific complex with pro-MMP-9 (27) (28) (29) . In normal cardiac tissue, MMPs and TIMPs are co-expressed and tightly regulated to maintain integrity of the cardiac interstitium (30) . Consequently, the MMP/TIMP system is a crucial contributor to ECM turnover and heart failure progression.
In the present study, it was found that the MMP-9/TIMP-1 ratio was not differentiated in MSC and ILK-MSC groups, whereas the MMP-2/TIMP-2 ratio significantly increased in ILK-MSC compared to the MSC group. Elevation of the MMP-2/TIMP-2 ratio was conducive to the degradation of collagen. Furthermore, it was favorable to angiogenesis and heart function improvement accompanied by escalation of MMP-2 and MMP-9.
In conclusion, the data presented here demonstrate that ILK-MSCs exert paracrine anti-fibrotic effects at least in part through inhibition of CFB proliferation and downregulation of collagen synthesis. The overexpression of ILK is able to regulate the partial paracrine effects of MSCs. These features of ILK-MSCs could be beneficial for the treatment of heart failure in which fibrotic changes are involved.
